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Completionof casedandcementedwellsby shapedchargeper-
foration causesits own damageto the formation, potentially
reducingwell productivity. In practiceit is found that under-
balanceconditionscleanup the damagedzoneto someextent,
however, themechanismsof theseprocessesarepoorly under-
stood. Most hydrocodestypically usedto simulaterock re-
sponseto shapedchargepenetrationdo not provide permeabil-
ity estimates.Furthermore,thetime scalesfor formationclean
up arepotentiallymuchlonger thanthe periodof jet penetra-
tion. We have developeda simple,yet accuratemodelfor the
evolution of porosityandpermeabilitywhich caneasilybe in-
corporatedinto existinghydrocodesusinginformationfrom the
historyof eachcell. In addition,we havedevelopeda codethat
efficiently simulatesfinesmigrationduring thepost-shotsurge
period using initial conditionstaken directly from hydrocode
simulationsof jet penetration.Resultsfrom a one-dimensional
modelsimulationarein excellentagreementwith measuredper-
meability distributions. We also presenttwo-dimensionalnu-
merical resultswhich qualitatively reproduceexperimentally
obtainedpermeabilitymapsfor different valuesof underbal-
ance.Althoughinitial resultshavebeenpromising,furthercom-
parisonwith experimentis essentialto tune the coupling be-
tweenthe hydrocodeandfinesmigrationsimulator. Currently
thepermeabilitymodelis mostappropriatefor high permeabil-
ity sandstones(suchasBerea),but with little effort, themodel
canbeextendedto otherrocktypes,givensufficientexperimen-
tal data.q rsmknEtvu3wsoEmxqgtvr
Shapedchargeperforationis a field proventechniquefor com-
pletionof casedandcementedwells. Theperforatingprocess,
however, causesits own damageto the formation,potentially
reducingwell productivity. In practiceit is foundthatthisdam-
agedzoneis somewhat cleanedup if the pressurein the well-
boreis setlower thantheformationprior to perforation.How-
ever, themechanismsof thedamageandclean-upprocessesare
poorly understood.

Optimizationof perforationperformancerequiresa capa-
bility to predictthe influenceof variousshaped-chargeparam-
eters(underbalance,overbalance,andliner andchargedesign)

uponpost-perforationpermeability. Most hydrocodestypically
usedto simulaterock responseto shapedchargepenetrationdo
not provide permeabilityestimatessincethe rock permeability
doesnot effect the progressof the jet. Hydrocodesdeveloped
to simulatetheseeventstypically only considerrock properties
which directly relateto rock strengthandmechanicalresponse
(e.g.:porosity).Overthetimescaleof ashaped-chargeperfora-
tion, it is assumedthatany fluid within therock hasno time to
movebetweenpores,hencepermeabilityis assumedirrelevant.
Furthermore,jet penetrationtypically ceasesafter a few hun-
dredsof microsecondsandthepost-shotsurgeperiod,known to
becrucial in determiningthe final permeabilityof the perfora-
tion, occursover timescalesmeasuringseconds.

While permeabilitydoesnot directly impactthe mechani-
cal responseof therock,clearlythepermeabilityis expectedto
changein responseto porecollapse,bulking, microfracturing,
andfinesmigration. Many authorshave soughtto relatefinal
permeabilityto thestresshistoryof a hostrock. Papamichoset
al.1 usedporoelasticityto predictthe stressesdueto a shaped-
chargejet. Theseresultswerecombinedwith estimatesof grain
crushinganda simplepermeabilityrule to estimatethe extent
of the reducedpermeabilityzone. McKeeandHanson2 devel-
opedan expressionfor the radial dependenceof permeability
in rock createdby a singlecharge. Their techniquerelatedper-
meability to estimatesof fracturingdueto anexplosion.These
approachesassumedrelatively simple configurationsin order
to obtaina descriptionof the stressinducedin the rock. Zhu
andWong3,4 investigatedtherelationshipbetweenpermeability
anddeformationusinga network modelandprovided insight
into theformationof connectedmicrocracksandtheir influence
uponpermeability.

In previouswork5, wedevelopedasimpleyet robustmodel
which hasbeenincorporatedinto existing, provenhydrocodes.
This approachwas suitableonly for quasistaticevolution of
porosityandpermeability. In addition,this approachneglected
the influenceof free fine particles,which reducepermeability
by blockingporesandareexpectedto beremovedby underbal-
ance.Dey6 suggeststhemigrationof clay particlesmayreduce
permeabilityby 30%aftercyclesin effective meanstressof as
little as30 MPa (while porosity is observed to be entirely re-
versible). The perforationprocessis expectedto produceand
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mobilizemany fineparticleswhichsubsequentlyreduceperme-
ability andflow performance.It may be reasonableto assume
thatmigrationof finesdoesnot have a significantinfluenceon
thepermeabilityduringtheshotof theshapedcharge.However,
subsequentflushingof theperforationandsurroundingrock is
expectedto leadto substantialchangesin permeabilitydueto
finesmigration.

Themigrationof finesin porousmediain generalhasbeen
studiedin detailby previousauthors(seeKhilar andFogler7 for
a review). Halleck8 presentedasimplemodelfor predictingthe
cleanupof thereducedpermeabilityzone.However, thismodel
did not includedepositionof fines(andthus,couldonly predict
improvementsin permeabilitywith underbalance).Imdakmand
Sahimi9 useda MonteCarlotechniqueto predictthereduction
in permeabilityof a network of pores. Injectedparticlesmi-
gratedaccordingto arandomwalk andblockedtubesof smaller
radii in thenetwork, reducingthe network permeability. Their
approachdidnotallow thepossibilityof finesbeingre-entrained
into the flow. Wennberg et al.10 developeda two-dimensional
simulatoremploying a simplemodelto investigatethe general
behavior of depositionprocesses.Their simulationsexhibited
the formationof cloggedbandsboth parallelandperpendicu-
lar to the flow direction,dependingupon the systemparame-
ters.GruesbeckandCollins11 performedaseriesof experiments
with syntheticsystemsandproposeda setof equationsgovern-
ing the evolution of fines concentration.Subsequently, these
equationshaveformedabasisfor numericalstudies.For exam-
ple,OchiandVernoux12 developeda two-dimensionalnetwork
modelthatutilized evolutionequationssimilar to thosedevised
by GruesbeckandCollins11. OchiandVernoux12 usedthegeo-
metricpropertiesof thenetwork to estimatethemodelparame-
ters(e.g.,entrainmentrateanddepositionrate).However, their
approachdid not permitre-entrainmentof trappedparticles.In
addition, in practiceit canbe difficult to translatethe macro-
scopicpropertiesof theformation(porosity, permeability, dam-
age)into network properties(poreradii, bondlengths).In this
work we presenta methodfor simulatingtheinfluenceof fines
migration employing a model after Gruesbeckand Collins11.
The initial permeabilityfield is obtainedfrom a hydrocodeus-
ing a modified version of the model presentedby Morris et
al.5. Resultsfrom a one-dimensionalmodelsimulationare in
excellentagreementwith measuredfinesandpermeabilitydis-
tributions. We alsopresenttwo-dimensionalnumericalresults
which qualitatively reproduceexperimentallyobtainedperme-
ability mapsfor differentvaluesof underbalance.Furthercom-
parisonwith experimentis essentialto tune the coupling be-
tweenthehydrocodeandfinesmigrationsimulator. Although,
thepermeabilitymodelis mostappropriatefor high permeabil-
ity sandstones(suchasBerea),theextensionto otherrocktypes
shouldbestraightforward,givensufficientexperimentaldata.

n&�@�����@� ����ws�� 7�7¡ ¢S£S¤¥�� ¥�-��¦§����¨#�7¡©���7¡ ¤�£a�����ª¤¥�� «(¬%���­¨#��¡ � �¥¡c®¯¤7��°��
Halleck8 providesa review of experimentalandmodelingin-
vestigationsof the influenceof perforationsuponflow perfor-
mance. Halleck8 observed that mostof the surge cleanupoc-
cursin lessthan1 secondandsuggestedthatsurgeflow volume
is not an importantfactor, provided sufficient underbalanceis
used.Furthermore,Halleck8 claimedthatmostof the cleanup
would occurduring the initial, high-ratetransientflow. In this
work we assumethat the cleanupprocessesinvolvesan initial
removalof low permeabilitydebrisfrom thetunnel,followedby
finesmigration.For simplicity we haveassumedthatfluid flow
is Darcianthroughoutthe finesmigrationstage.Halleck8 also
observedthatpermeabilitydamageextendsbeyondthe visibly
“crushedzone”.He interpretedthis asevidencethatpermeabil-
ity reductionis morea functionof finesmigrationthanof grain
breakageitself. In thiswork weinterpretthepermeabilitiespre-
dictedby thehydrocodeto bepermeabilitiesof therock in the
absenceof fines. Finesareintroducedinto the simulationasa
functionof historydependentvariables.

Halleck et al.13 found that 3000 psi effective overburden
stresscanbe sufficient to reducepenetrationby 50% in Berea
Sandstone(although20% is moretypical). King et al.14 stud-
ied theeffectof post-perforationacidizingonwell productivity.
They proposedthat acidizing leadsto increasedwell produc-
tivity for thosecaseswherethe underbalancewasinsufficient.
They observedthathigherunderbalancepressureswereneeded
for lowerpermeabilityrocks.

Core-flow efficiency (CFE)providesastandardmeasureof
theperforationflow performance.TheCFEis theratio of mea-
suredpost-shotflow rate to an ideal ratebaseduponpre-shot
permeability. Core-flow efficiency only providesabulk descrip-
tion of the net effect of the perforator. For simplicity, many
authorsassumethat thedamagedzoneis of constantthickness
(typically about0.4inches)andconstant,reducedpermeability.
In this work we seeka detailedmapof the permeabilityfield
surroundingtheperforation.Severalauthorshavedirectlymea-
suredthepermeabilityfield, usinga varietyof techniques.Ro-
chonet al.15 measuredtheradialdistribution of permeabilityin
a perforatedcoreusingpressuretransientanalysis.They found
that the permeabilityfieldshada morecomplex structurethan
often assumed,with a zoneof high permeabilitynearthe per-
forationwall anda minimumseveralmillimetersinto therock.
Unfortunately, thisapproachinvolveschangingthestresscondi-
tionsof therockbeforepermeabilitycanbemeasured.Morere-
cently, KaracanandHalleck16 usedX-ray CT to provideadirect
determinationof flow velocity in sampleswhile maintainingef-
fective stressconditions. Their results(for 350 psi underbal-
ance)show agradualreductionin permeabilityapproachingthe
perforation(seeFigure4a). In contrastwith Rochon15, Karacan
andHalleck16 donotobservearegionof highpermeabilitynear
thetunnelwall.

Severalotherstudieshave investigatedtheinfluenceof the
perforationuponthe rock microstructure.AsadiandPreston17
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usedSEM andimageanalysisto mapthedamagedzone.They
deducedpermeabilitiesusingan empiricalmodelcalibratedto
theundamagedrocksample.

Particle sizeanalysiscanprovide a direct measureof the
distributionof finesandlargerparticleswithin a post-shotsam-
ple. Halleck18 investigatedthedistribution of fines(particlesof
diameter10micronor less)underbalancedconditionsandwith
underbalancein BereaSandstone.Theseresultsindicatethat
theshotbreaksmineralgrainsnearthetunnel,producingalarge
numberof fine particles.For the balancedshot,the finescon-
centrationgenerallyincreasedtowardsthetunnelwall, peaking
at thewall itself. Theunderbalancedtestresultsindicatedthat
fineshadbeenremovedfrom theregionsurroundingthetunnel.
However, between0.5and1” from thecenterlinethefinescon-
centrationwasobservedto behigherthanthatof the balanced
shot.Thissuggeststhatfinesmigrateduringthetransientsurge
phaseinducedby underbalance.¨EtvnEtxl�q-m¿¾ À�tÁu3Â&Ã§«¥tvnÄuº¾År�ixÀ2qÆoÇo�tvr¿Èu3q-mkqgtÁrÉl
Morris et al.5 presenteda model for predictingthe evolution
of the incipient porosity (termed“fluid porosity” in this work
to distinguishit from the bulking porosity) and permeability
of Bereasandstoneundergoing quasistaticdeformation. Un-
derquasistaticconditionsthefluid is freeto equilibrateandthe
porepressureis imposedby thesurroundingfluid. For dynamic
experiments,we assumethefluid doesnot have time to flow in
responseto porositychanges.The fluid is confinedwithin in-
dividual poresandlocal fluid pressurerespondsto changesin
porevolume.

In thiswork, weextendtheapproachtakenbyMorris etal.5

to accommodatedynamicconditions. We model Bereasand-
stoneasan elastic-plasticmaterialusingthe methoddescribed
in detail by Lomov et al.19 andRubin et al.20. Morris et al.5

assumedthatthequasistaticfluid porosityis afunctionof effec-
tivemeanstressalone,in theabsenceof damage:

φ0
f Ê Ë

Φf Ì σeff Í Φf ÌxÍ Φ1 Î CP1 Ï�ÏdÐ P1 for σeff Ñ P1,
Φ1 Î Cσeff otherwise.

(1)

whereσeff is theeffectivemeanstress,

σeff Ê Í σ1 Î σ2 Î σ3 ÏdÐ 3 Ì Pp Ê Pm Ì Pp (2)

andφ0
f is the fluid porosity. Thematerialconstants,Φf , C, P1,

andΦ1 aregivenin Table1. Equation(1) reproducestheinitial
rapid reductionin porosityfollowed by an extendedregion of
nearlinear dependenceuponeffective meanstressbeforefail-
ureobservedby ZhuandWong21.

Morris etal.5 modeledtheinfluenceof damageusingacor-
rectionto (1):

φS
f Ê φ0

f Í σeff Ï
1 Ò 0 Î Í Ai Ì Ai0 Ï (3)

whereAi is a damagevariablewith initial valueAi0. Thedam-
agevariableis evolvedaccordingto

Ȧi Ê c1ε̇p min Í σeff Ó P Ôs ÏÎ c2H Í σeff Ì Ph1Ï H Í Ph2 Ì σeff ÏYÕ Ì v̇ Ö (4)

wherec1 andc2 areconstants,εp is theplasticstrain,andv̇ is the
traceof thevelocity tensor(positive indicatesexpansion).H Í Ï
is the Heaviside function and Õ x Ö Ê xH Í x Ï . The first source
term increasesdamagein responseto plasticstrain. The sec-
ondtermcausesdamagein responseto reductionsin volumeat
high hydrostaticloadsandp1h andp2h arethelower andupper
boundson theeffectivemeanstressfor which thisdamageterm
is active. The parametersin Table1 werefound to give good
agreementwith experiment.

In thiswork,weextendthisapproachto dynamicproblems.
We use(3) duringinitial loading,however, theconfinedfluid is
expectedto forcethevoidsbackto their original volumeasthe
effective meanstressreturnsto zero. Thevolumeoccupiedby
the fluid asthe effective meanstressis reduced(φR

f ) will be a
combinationof porevolumewhich would have openedup un-
derstatic(drained)conditions(φS

f ) andporevolumewhich has
beenforcedopenby theexpandingfluid (φD

f ):

φR
f Ê φS

f Î φD
f (5)

We assumethat the porosity occupiedby the fluid underdy-
namic conditionsfollows a simple linear form for the return
path:

φR
f Ê Φf Ì σeff

σmax
eff × Φf Ì φS

f Í σmax
eff Ó Ai Ï�Ø (6)

whereσmax
eff is the maximumeffective stressover the history

of the materialelement. The form of (6) ensurescontinuity
betweenthe fluid porosity during loading and unloadingand
causesthe fluid porosityto returnto the referencevaluewhen
theeffectivemeanstressis zero.Thefluid porosityis thengiven
by:

φf Ê§ÙÚ Û φS
f Ó for σeff Ü σmax

eff

φR
f Ó for σeff Ý σmax

eff

(7)

For thedynamiccase,porepressureis notprescribedexternally
andweintroduceanextraequationto closethesystemandsolve
for theporepressure:

Pp Ê Kf Þ SΦf

φfJ
Ì 1 ß (8)

whereKf is the fluid bulk modulus,J is the ratio of current
andreferencespecificvolumesof the mixture, andS is a sat-
uration parameter(assumedconstantduring dynamicexperi-
ments).Equation(8) wasderivedassumingthat the porefluid
is confinedandobeys a linearequationof state.Eq.8 refersto
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thefluid porosity, soPp mustbeeliminatedfrom (8) and(7) to
obtainthefluid porosity. Regardlessof which portionof Eq. 7
applies,φf is linear in σeff . The intersectionbetween(8) anda
straightline:

φf Ê Dσeff Î E (9)

is givenby:

φf Êâá φ1 ÎÅã φ2
1 Ì 4DK f SΦf Ð J ä Ð 2 (10)

where

φ1 Ê E Î D Í Pm Î K f Ï (11)

Theeffectivemeanstressis thencalculatedby backsubstitution
into (7).Â�l�mkq©ÀåiæmkqgtÁrçtÁ«'¨�Â&n�ÀèÂ�ikjpq Ã�q�m¿¾
As a first approximation,Morris et al.5 assumedthatalthough
thebulking porositymaybeconnected(andthereforesaturated
in quasi-staticexperiments)it doesnot make a substantialcon-
tribution to flow. This is consistentwith the bulking porosity
having poorconnectivity or highersurfaceareato volumeratio.
Using this approximation,theexperimentallymeasuredporos-
ity is thesumof thesurvivingfluid porosityandinducedbulking
porosity, however, only the fluid porositycontributesto flow.
Morris et al.5 obtainedgoodagreementwith with experimen-
tally measuredpermeabilitiesby using:

κ Ê exp × Ì 7 Ò 84 Î 65Ò 7φS
f Í σeff Ó Ai ÏÌ 13Ò 0min Í Ai Ì Ai0 Ó 0 Ò 11ÏgÏ (12)

We assumethat the permeabilitydue to the bulking porosity
andφD

f canbe neglectedin comparisonwith the permeability
dueto φS

f . This approximationmaynot beappropriatefor low
porosity/permeabilityrockswherethepermeabilityof thebulk-
ing porositymay exceedthe initial permeability. Futurework
will concentrateondevelopingamorecomprehensiveapproach
to estimatingpermeabilityby linking damageto permeability
directly throughtheconceptof interstitialarea.Àétvu3Â&Ãê«¥tÁnëÂ&r�mxn�ikq©r3À2Âær�mìikr3uíu3Â&¨Et�Èl�q�mxqgtvr
We employ a modelafter GruesbeckandCollins11. Their ap-
proachassumesthat the porousmediummay be modeledlo-
cally by parallel-pathways(seeFig. 1). In a givenrepresenta-
tive elementalvolume (REV) of the porespaceit is assumed
that the fluid pathway hastwo continuing,parallel branches:
oneof small sizein which finescanform plugs,andtheother,
of largerporesize,in whichonly surfacenon-pluggingdeposits
occur. Finestrappedin thepluggingporescannotbe released,
while finesin thenon-pluggingporescanbere-entrainedby the
fluid. Theratioof thefinessizeto theporesizedetermineswhat
fractionsof flow pathwaysarepluggingor non-plugging.

Within eachREV we divide thefinesinto threeconcentra-
tions:

C concentrationof freefines,
carriedin suspensionby thefluid

σnp concentrationof fineson wallsof
non-pluggingpores

σp concentrationof fineson wallsof pluggingpores

All

concentrationsare expressedin termsof volume of solid per
unit volumeof fluid (m3/m3).In particular, σnp andσp arevol-
umesof solidperunit volumeof fluid in non-pluggingandplug-
gingporesrespectively. Within eachREV it is assumedthepore
volumecanbedividedinto a fraction f which consistsof plug-
gablepathways and a fraction 1 Ì f which is non-pluggable.
The valueof f will dependuponthe local distribution of pore
diametersandtheparticlesizedistributionsof fines. In theap-
plicationsconsideredby GruesbeckandCollins11 f wascon-
stantthroughoutspace,however, for otherapplications,f can
vary from point to point to modelvariationsin poreor particle
distributions.

GruesbeckandCollins11 performedaseriesof experiments
with syntheticsystemsandproposeda setof equationsgovern-
ing the evolution of C, σnp, and σp. If we assumethe fines
occupy a relatively smallfractionof theavailableporevolume,
themassbalanceof finescanbestated:

φ
∂C
∂t Ê Ì u

∂C
∂x Ì φ

∂σ
∂t

(13)

Hereφ is theporosity, u is thevolumeflux density(q Ð A) andσ
is total concentrationof depositedfines:

σ Ê f σp Î Í 1 Ì f Ï σnp (14)

u Ê f up Î Í 1 Ì f Ï unp (15)

Hereup andunp arethe volumeflux densitiesin the plugging
andnon-pluggingporesrespectively.

In thenon-pluggingpathways,entrainmentanddeposition
canoccur, andGruesbeckandCollins11 proposedthefollowing
form to fit their experimentalresults:

∂σnp

∂t Ê Ì α î unp Ì uc ï σnp Î βC (16)

Here, uc, denotesthe critical volume flux densityrequiredto
entrainparticlesandα andβ areconstants,andÕ x Ö Ê Ë

0 Ó if x Ñ 0,
x Ó otherwise.

(17)

Thepluggingpathwaysonly permitparticledeposition:

∂σp

∂t Ê × δ Î ρσp Ø upC (18)

Hereδ andρ areconstants.GruesbeckandCollins11 arguedthis
form is appropriatesincepluggingdepositioncannotoccurfor
zeroup.

GruesbeckandCollins11 usedDarcy’s law to describeflow
diversionphenomenain termsof thepermeabilitiesof theplug-
ging (Kp) and non-plugging(Knp) paths. The permeabilities
wereassumedto befunctionsof thedepositedfinesfraction.
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In this work we considera cylinder of rock, discretizedinto a
regularcylindrical co-ordinatesystem.Within eachcell we ap-
ply theequationsfor evolution of C, σnp, andσp andcalculate
fluxesof particlesbetweencells usingfluid fluxesbasedupon
Darcy’s law. The pressurefield at eachtime stepis obtained
using a Poissonsolver. To demonstratethe suitability of the
model of GruesbeckandCollins11, we first considera model
one-dimensionalproblemwhichcapturesthekey featuresof the
experimentallyobservedresults.

Permeability measurementsobtained by Karacan and
Halleck22 (seeFigure 4a) for 750 psi underbalancein Berea
Sandstoneexhibit a reducedpermeabilityzoneat a radiusof
2 cm from the tunnel axis. Halleck18 investigatedthe distri-
bution of fines (particlesof diameter10 micron or less)un-
derbalancedconditionsandwith underbalancefor BereaSand-
stone.For thebalancedshot,thefinesconcentrationgenerally
increasedtowardsthe tunnel wall, peakingat the wall itself.
The1500psi underbalancetestresultsindicatedthat fineshad
beenremoved from the region surroundingthe tunnel. How-
ever, between0.5and1” from thecenterthefinesconcentration
wasobservedto behigherthanthatof thebalancedshot. This
suggeststhatfinesmigrateduring the transientsurgephasein-
ducedby underbalance.Theseresultsalsosuggesta modelin
which thereare four zoneswheredifferent fines erosionand
depositionprocessesareat work for sufficient underbalancein
BereaSandstone(seeFigure2). Thebalancedfinesconcentra-
tion peaksin region I, closestto thetunnelwall. Underbalance,
however, removesmostof thefinesfrom region I. In region II,
permeabilityreductionis observed for sufficient underbalance
(seeFigure4a), suggestingfineshave migratedhereandhave
beendeposited.Region III exhibits a slight reductionin fines
concentrationwith underbalanceandis the probablesourceof
the finesdepositedinto region II. Region IV shows relatively
little changein finesconcentrationbetweenbalancedandun-
derbalancedconditions.

We expecttheporevolumesto bemostrestrictedin region
I, sincethis correspondsto the mostdamagedrock. The un-
derbalancedresultssuggestthat even with thesesmall pores,
the fines can still be flushedout. This implies that thereare
no pluggingporesin region I (sincethesecouldbeexpectedto
permanentlycaptureafractionof thefines).In thiswork weas-
sumethattherockcontainsnon-pluggingporesthroughoutand
that finesmay be re-entrainedat any location,given sufficient
flow velocity.

If we assumethe flow during the transientsurge resulting
from underbalanceis radially symmetric(no axial flow) then
thelocal flow velocity is:

u Ê Q
2πr

(19)

whereQ is the rateof flux into the tunnel from the reservoir.

Clearly region I will have the highestflow velocity, possibly
greatlyexceedinguc, andconsequentlyextensive fineserosion
occurs.Region II will have a lower flow velocity, possiblybe-
low uc, leadingto a net accumulationof fines. However, we
observe thatfinesareremovedfrom region III, wheretheflow
velocity is evenlower. This suggeststhatuc mayhave a lower
valuein region III thanin region I or II. In thiswork weassume
that α andβ areuniform throughoutthe flow domainandthat
thecritical flow velocity, uc, variesdependinguponthedamage
sustainedby therock. Figure3 demonstrateshow variationsof
uc with radiuscanleadto alternatingzonesof fineserosionand
deposition. In Figure 3 we have taken the simplestapproach
with uc having a constantinitial, undamagedvalueandassume
a higher, constantvaluein thedamagedzone.

We haveexercisedthis simplemodelwith our finesmigra-
tion simulator. Our simulatoris fully two-dimensional,but for
thissimpleproblemweconstructedaone-dimensionalproblem
by consideringacylinderof rockof radius4.5cm,length1 cm,
discretizedinto squarecellsof dimension0.75mm with a tun-
nel of radius0.75cm alongthe axis. We assumethat the rock
containsnon-pluggingporesonly:

f Ê 0 (20)

For themodelproblemwe assumea simplelineardependence
of thepermeabilityin theabsenceof fines:

K0 Ê ÙõõÚ õõÛ
300mD á 0 Ò 1 Î 0 Ò 9r Ì 0 Ò 0075

0 Ò 0075
ä Ó

for 0.0075m Ñ r Ñ 0.015m Ó
300mD Ó otherwise.

(21)

Therewas no variation in permeabilityin the axial direction,
thus the resultingflow is radially symmetric. We usethe fol-
lowing valuesfor theentrainmentandcapturerateconstants:

α Ê 1700mö 1 (22)

β Ê 11sö 1 (23)

We also assumea simple linear dependenceof permeability
uponlocal concentrationof trappedfineswhich approximately
mapsthemeasuredfinesconcentrations18 to themeasuredper-
meabilities(Figure4a)

K Ê K0 × 1 Ì 3σnpØ (24)

Thecritical flow rate,uc, is assumedpiecewiseconstant,with a
largervaluein adamagedzonewithin 2.5cm:

uc Ê Ë
0 Ò 0375m/sÓ for r Ñ 0 Ò 025m,
0 Ò 0113m/sÓ otherwise.

(25)

Thevolumeof freefinesperfluid volumewasinitially setto:

C Ê 1
3 ÷ Í 0 Ò 005Ð r Ï 2 Î 0 Ò 1ø (26)
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The initial trappedfines concentrationwas zero. Pressure
boundaryconditionsrepresenting750 psi underbalancewere
applied to the tunnel and outer surfaceof the problem,with
no-flow boundariesat eitherend. The resultsobtainedby the
fines migration simulatorafter 1 secondof flushing arecom-
paredwith experimentin Figure 4. The resultsare generally
in goodagreement,with thesimulationexhibiting theobserved
alternatingzonesof fines erosionand deposition. The simu-
lationsof 750psi underbalanceshow accumulationof finesbe-
tweenabout1.5cmand2.5cmwith removalof fineselsewhere.
Theshapeof thefinesprofile between1.5cm and2.5cm is de-
terminedby the relative valueof α andβ. A largervalueof β
resultsin morefinesaccumulatingnear2.5cm. In thefollowing
section,weapplythissameapproachto theclean-upprocessin
a fully two-dimensionalpermeabilityfield obtainedfrom asep-
aratehydrocodesimulationof thepenetrator.À5¤¥ú¥ú��-��¦û£>ü+�ýñsþC �¡���°��� 7�'n&��¢Tÿ�¬ £S¢ £S�2£>ü+�ý«¥�-�+��¢l��-® ÿ�¬%¤C£S�¥¡
Weseekto maptheresultsfrom theendof thehydrocodesimu-
lationof perforationinto suitablevaluesfor finesconcentration,
permeabilityin the absenceof fines,anduc. The initial con-
ditions obtainedmustbe consistentwith the availableexperi-
mentaldataandyet be simple to implementwith a minimum
numberof assumptions.

Figure5showsapermeabilitymapasafunctionof distance
from the tunnelwall anddistancefrom theentrance,for Berea
Sandstoneperforatedwith 350 psi underbalance,obtainedby
Karacanand Halleck22. Theseresultsshow reducedperme-
ability nearthetunnelwith particularlylow permeabilitiesnear
theentranceandtowardsthe otherendof the tunnel. Figure6
and7 show the permeabilityfield predictedby the hydrocode
simulationwith and without fines, respectively, for balanced
conditions.Althoughexhibiting significantvariability, the hy-
drocodepermeabilitypredictionsalsoshow reducedpermeabil-
ity nearthetunnelwall, with permeabilityreductionlargestnear
the opening. The axial variation in permeabilitypredictedby
simulationis in contrastwith theinterpretationof Karacanand
Halleck22. They attribute the axial variation in permeability
to variationsin the pre-shotpermeabilityof the rock because
the outermostpermeabilitymeasurementsapproacha constant
nearthe openingand at the other end of the tunnel (indicat-
ing thepermeabilityis independentof radiusbeyond1.5cm at
theselocations). However, the outermostpermeabilitiesmea-
suredbetween5 cm to 10 cm from the tunnelentrancediffer,
castingsomedoubton this interpretation.Nevertheless,despite
thesequalitativedifferencesbetweenhydrocodesimulationand
experimentit is possibleto achieve a global fit of post-fines
migration permeabilityto experiment. By varying α, β, and
uc throughoutthe problem,permeabilitycan be enhancedor
decreasedin orderto reducethedifferencesbetweenmeasure-
mentandsimulation.However, giventhe limited experimental
dataavailableto matchagainst,it is unclearthatsucha global
fit would be informative. For example,givenonepermeability

mapit is unclearwhetherit is thehydrocodeparametersor the
finesmigrationparameterswhichshouldbemodifiedto achieve
a betterfit. In this work, therefore,we attemptedto matchthe
observedclean-upatcertainlocationsalongtheperforation,as-
sumingthat α andβ wereconstantthroughout,andrelateduc

directly to hydrocodehistorydependentvariables.Oncemore
measuredpermeabilitymapsare available (both for a wider
rangeof underbalancesandfor multiple coresat eachlevel of
underbalance)it will bepossibleto determinewhatparameters
areneededwithin the hydrocodeandthe functional forms for
α, β, anduc in termsof hydrocodehistorydependentvariables.

We assumethat the permeabilityobtainedfrom the hy-
drocode(12) representsthepermeabilityof the rock in theab-
senceof fines.Theexperimentaldataof ZhuandWong21 (upon
which our hydrocodepermeabilitymodelis based)provide no
insight into the role of fines migration. We assumethat the
shock loading accompanying perforationreleasesmore fines
andthatit is appropriateto considerthehydrocodepermeabili-
tiesasanupperlimit in theabsenceof fines.

Ourfinesmigrationsimulatorcannotsimulatetheobserved
removal of debrisfrom the tunnel,so we needto make some
assumptionsregardinghow muchmaterialis removed.Further-
more,Halleck8 claimedthat mostof the cleanupwould occur
during the initial, high-ratetransientflow, at which point the
pressuregradientwill be highestacrosslow permeabilityre-
gions.Weassumethatall materialwith permeabilitylowerthan
6 mD is removed. Theremoval of this materialis simulatedby
replacingit with materialwith a permeabilityof 10000mD.

At thestartof thefinesmigrationsimulationit is assumed
that all availablefinesareshaken looseinto suspension.The
following was found to give goodagreementwith the experi-
mentallymeasuredfinesfraction18 for balancedconditionsasa
functionof radius:

C Ê 1
3 ã εp Ð 0 Ò 3 (27)

σp Ê 0 (28)

σnp Ê 0 (29)

Hereεp is the local plasticstrain in the rock predictedby the
hydrocode.

The critical velocity, uc, is a key parameterwhich deter-
mineswherefineserosionanddepositionwill occur. We found
that

uc Ê 0 Ò 025min × 220εp Ó 1 Ò 0Ø 2
(30)

worked well in reproducingthe captureof finesat a radiusof
about2 cm.

For simplicity the other model parameterswere assumed
constant:

α Ê 1120mö 1 (31)

β Ê 22Ò 5sö 1 (32)

Theseparametersdeterminethe timescaleover which cleanup
occurs.Thevalueof theseparameterswasfoundto belesscru-
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cial, provided thereis sufficient time to flush the fines. This
reflectsHalleck’s8 observationthatsurgeflow volumeis not an
important factor provided sufficient underbalanceis used. It
maybemoreappropriateto varytheseparameterswith position,
however insufficient datawereavailableto provide a rationale
for a functionalform for α andβ.

As with the model problem,we assumeda simple linear
dependenceof permeabilityuponlocalconcentrationof trapped
fineswhich approximatelymapsthemeasuredfinesconcentra-
tionsto themeasuredpermeabilities:

K Ê K0 × 1 Ì 3σnpØ (33)

This approachwasusedto simulatethe penetrationtestsper-
formed by Karacanand Halleck22. Figure 8 shows a two-
dimensionalmap of the permeability enhancementfor the
750 psi simulation. The simulationpredictspermeabilityen-
hancementin the vicinity of the tunnel wall with a reduction
in permeability(dueto finesaccumulation)beyond6 cm from
thetunnelentrancebetweenabout2 and3 cm radius.Karacan
andHalleck22 do not provide a permeabilitymap for 750 psi
underbalance,but provide detailedradial permeabilityprofiles
only at 3.4 cm (750 psi case)and2.8 cm (350 psi case)from
thetunnelentrance.Figures9 and10 compareexperimentand
simulatedresultsasa functionof distancefrom thetunnelwall
to removetheeffectof variationsin tunneldiameter. Theradial
profilesfrom KaracanandHalleck22 weremadeto be a func-
tion of distancefrom thetunnelwall usingtunneldiametersof
1.3 cm (750 psi) and1.2 cm (350 psi). The bestfit to the ob-
servedclean-upandfinesmigrationwasat adistanceof 9.5cm
from theentrance(seeFigure9). Closerto thetunnelentrance
the hydrocodesimulationpredictsgreaterpermeabilityreduc-
tion, andconsequentlythe flux densityis lower andrelatively
little finesremovaloccurs.Towardthetip of thepenetrationata
distanceof 13.2cmfrom theentrancethesimulatedpermeabil-
ity profile is similar to thatobservedby KaracanandHalleck22

at3.4cmalthoughthesimulatedpermeabilityis highercloseto
thewall. In addition,Figure10showsthatthehighersimulated
permeabilityat this distancefrom theentrancepermitsremoval
of fine particleswithin about0.25cm of the tunnelwall even
for 350psiunderbalance.u3q�læopw¿l#l�qgtvr
Wehavepresentedanapproachfor predictingthedetailsof per-
meabilitydamageandcleanuparoundperforationtunnels.Re-
sultsobtainedusingamodelone-dimensionalsimulationof the
clean-upprocessare in excellentagreementwith experiment.
We alsopresenteda fully two-dimensionalapproachinvolving
two steps:

� Calculatedamageandpermeabilityin theabsenceof fines
usinga hydrocode.

� Estimatecleanupusinga finesmigrationsimulator.

Theresultsof thesimulationsarein qualitativeagreementwith
availableexperimentalresults.Thepredictedpermeabilityand
fines distributions are in good agreementwith experimentat
certain locationsalong the core. However, the permeability
field predictedby the hydrocodeexhibits significantvariabil-
ity alongthecore,with greatlyreducedpermeabilityat theen-
tranceandrelatively little reductiontowardsthe tip. The per-
meability mapsobtainedby KaracanandHalleck22 alsoshow
similar variationin permeabilityparallelto thetunnel.Karacan
andHalleck22 arguethatwhennormalized,this variationis re-
duced,however, moreresultsfor multiple coresarerequiredto
confirmthis interpretation.Beyonda distanceof 7 cmfrom the
tunnelentrance,thesimulationsshow similarzonesof finesero-
sion anddepositionto thoseobserved experimentally. Closer
to the tunnelentrancethe predictedpermeabilityis lower and
less fines migration occurs. Given the limited experimental
dataavailable to matchagainst,it is unclearwhetherit is the
hydrocodeparametersor thefinesmigrationparameterswhich
shouldbe modified to achieve a betterfit. Although α andβ
areexpectedto vary with damage,in this work we attempted
to matchthe observed clean-upat certainlocationsalong the
perforation,assumingthat α andβ wereconstantthroughout,
andrelateduc directly to theplasticstrainpredictedby thehy-
drocode.Oncemoremeasuredpermeabilitymapsareavailable
(bothfor awider rangeof underbalancesandfor multiplecores
at eachlevel of underbalance)it will be possibleto determine
appropriateparameterswithin thehydrocodeandthe finesmi-
grationsimulator. In particular, amorecomprehensiveseriesof
measuredpermeabilitymapswill enablefunctional forms for
α, β, anduc in termsof hydrocodehistorydependentvariables
(damage,strain,porosity)to bedetermined.

In this work we consideredonly the behavior of Berea
Sandstone. BereaSandstonediffers from many other sand-
stonesin that is is bothhighly permeableandhasa substantial
claycontent.Consequently, BereaSandstonemaybemoresus-
ceptibleto therelease,migration,andsubsequentdepositionof
finesthanmostotherrocks18. Experimentallymeasuredperme-
ability mapsfor a wider rangeof rocksarerequiredbeforethe
modelpresentedin thiswork canbeusedto predictthebehavior
for otherrocks.In this work we havenot consideredtherateof
thecleanupprocess(governedby α andβ). A morecomprehen-
sive study, addressingthe role of flow volumeduring the post
perforationsurge,andemploying moremeasuredpermeability
maps,would provide stricterboundsuponthe modelparame-
ters. In addition,we have not addressedtheprocesseswhereby
very low permeabilityrubble is removed from the tunnel,but
have useda cutoff to determinewhat materialis removed. A
separatemodelcouldbedeveloped(possiblysimilarto thatused
by Halleck8) to simulatethis process.

The permeabilityobtainedfrom the hydrocodeemployed
a damagevariablewhich is not definedin termsof pore-scale
properties.However, we have attemptedto relatethe damage
predictedby thehydrocodeto theinitial finesconcentrationand
critical volumeflux within thecore.A moreversatileapproach
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would employ a damagevariabledirectly associatedwith the
evolution of pore-scaleproperties,suchasthe interstitial area.
This would be more amenableto physicalargumentsregard-
ing finesproduction,permeability, andcritical volumeflux. It
would alsobemorecapableof predictingtheresponseof other
rocksor theeffectof differentporefluids.

We expectthe methodsdevelopedin this paperto leadto
moreefficient cleanupof perforations.For example,oncesuf-
ficient dataare obtainedto characterizemodel parameters,it
shouldbe possibleto substantiallyreducethe numberof tests
requiredto obtainbestresults. Computersimulationwill help
identify the optimum balanceconditionsand surge rate for a
given perforatorand operatingconditions, and also perhaps
allow exploration of new conceptssuch as whethermultiple
surgesmight improvecoreflow efficiency.ipo��:r t��§Ã�Âæu ô:Â&ÀèÂ&r�msl
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Equationof Referencedensity ρ0 2.32g/cm3
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s2 -1.986
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Bulking Coefficient md 1.0
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Figure1: Parallelpathwaymodelof finesentrainmentanddeposition.
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Figure2: Differentzonesof fineserosionanddeposition.
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Figure3: Radialvariationsin uc canleadto alternatingregionsof erosionanddeposition.
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Figure4: A comparisonof experimentallymeasuredpermeabilityevolutionwith resultsfrom thefinesmigrationsimulatorfor asimple,
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by KaracanandHalleck22 comparedwith simulation.(b) Simulatedfinesfraction. (c) Calculatedvolumeflux density(u) asa function
of radius,comparedwith thecritical flux density(uc).
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Figure5: Permeabilityversusdistancefrom entranceholeandfrom tunnelwall for 350psiunderbalancein BereaSandstoneasmeasured
by KaracanandHalleck.22
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Figure6: Permeabilityat theendof thehydrocodesimulationversusdistancefrom entranceholeandfrom tunnelwall with no fines.
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Figure7: Permeabilityat theendof thehydrocodesimulationversusdistancefrom entranceholeandfrom tunnelwall with finesadded
andbalancedconditions.
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Figure8: Two-dimensionalmapof the fractionalpermeabilitychangedueto 750 psi underbalanceversusbalancedconditions.Gray
regionsindicatean increasein permeabilityof 5% or morewhile black indicatesa reductionof 5% or more. The crosshatchregion
indicatestheextentof thetunnel.
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Figure9: A comparisonof experimentallymeasuredpermeabilityevolutionwith resultsfrom thefinesmigrationsimulatorusinginitial
conditionsfrom the hydrocode. (a) Normalizedpermeabilitymeasuredby Karacanand Halleck22 comparedwith simulation. (b)
Simulatedfinesfraction. Closerto thetunnelentrance,thehydrocodeoverpredictsthereductionin permeability, leadingto lowerflow
ratesandminimal cleanup.
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Figure 10: A comparisonof experimentallymeasuredpermeabilityevolution with resultsfrom the fines migration simulatorusing
initial conditionsfrom thehydrocode.(a) Normalizedpermeabilitymeasuredby KaracanandHalleck22 comparedwith simulation.(b)
Simulatedfinesfraction.
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